We report the results of a first experimental search for lepton number violation by four units in the neutrinoless quadruple-β decay of 150 Nd using a total exposure of 0.19 kg·y recorded with the NEMO-3 detector at the Modane Underground Laboratory (LSM). We find no evidence of this decay and set lower limits on the half-life in the range T 1/2 > (1.1-3.2) × 10 21 y at the 90% CL, depending on the model used for the kinematic distributions of the emitted electrons.
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PACS numbers: 23.40.-s, 14.60. St, 11.30.Fs In the standard model (SM) of particle physics, leptons are assigned a lepton number of +1 and anti-leptons are assigned −1. All experimental observations thus far are consistent with the assumption that the total lepton number L is conserved in particle interactions [1] . However, since this is not due to a fundamental symmetry, there is no reason to assume that L is generally conserved in theories beyond the SM.
Lepton-number violating processes could be directly linked to the possible Majorana nature of neutrinos. If Majorana mass terms are added to the SM Lagrangian, processes appear that violate L by two units (∆L = 2) [2] . Searches for ∆L = 2 processes such as neutrinoless double-β (0ν2β) decay have therefore been the focus of many experiments [3] .
In this letter, we present a first search for processes with ∆L = 4, which are allowed even if neutrinos are Dirac fermions and ∆L = 2 processes are forbidden [4] . Models with ∆L = 4 have some power in explaining naturally small Dirac masses of neutrinos [5] and could mediate leptogenesis [6] . The models have also been linked with dark matter candidates [7] and with CP violation in the lepton sector [8] . Processes with ∆L = 4 could also be probed at the Large Hadron Collider (LHC), for example in the pair production and decay of triplet-Higgs states to four identical charged leptons [9] .
An experimental signature of some models with ∆L = 4 would be the neutrinoless quadruple-β (0ν4β) decay of a nucleus, (A, Z) → (A, Z +4)+4e − , where four electrons are emitted with a total kinetic energy equal to the energy Q 4β of the nuclear transition. The 0ν4β half-life is expected to depend strongly on the unknown mass scale Λ NP of the new ∆L = 4 phenomena [4] .
The search for 0ν4β decay is experimentally challenging, since only three long-lived isotopes can undergo this decay,
136 Xe (Q 4β = 0.079 MeV [10] ), 96 Zr (Q 4β = 0.642 MeV), and 150 Nd, which has the highest Q 4β value of 2.084 MeV. The NEMO-3 detector contained two of these isotopes, 96 Zr and 150 Nd. The 96 Zr decay has too low a Q 4β value to be detected with high enough efficiency in NEMO-3 since low-energy electrons would be absorbed in the source. It could instead be studied using geochemical methods [11] . The value of Q 4β of the decay 150 Nd→ 150 Gd, however, is sufficiently large for four electrons to be observable in the NEMO-3 detector.
We search for 0ν4β decay by exploiting the unique ability of the NEMO-3 experiment to reconstruct the kinematics of each final-state electron. In the absence of a more complete theoretical treatment of the kinematics of the decay [12] , we test four models of the electron energy distributions, labeled uniform, symmetric, semisymmetric, and anti-symmetric. This choice is designed to cover a wide range of models and used to demonstrate that the final result is largely model-independent.
The uniform model has all four electron kinetic energies T i distributed uniformly on the simplex T 1 + T 2 + T 3 + T 4 = Q 4β with each kinetic energy T i > 0. The decay rates dN for the other three models are distributed according to the differential phase space given by
which is an extension of the 0ν2β-decay phase space [13] . Here, i labels the electrons, m e the electron mass, p i = T i (T i + 2m e ), and A m is a model-dependent factor.
The Fermi function F (T, Z) ∝ p 2s−2 e πu |Γ(s + iu)| 2 describes the Coulomb attraction between the electrons and the daughter nucleus with atomic number Z. In this function, s = 1 − (αZ) 2 , u = αZ(T + m e )/p, Γ is the gamma function, and α is the fine structure constant. The three different phase space distributions differ by the factors A m that depend on the energy asymmetry of electron pairs. For the symmetric distribution A m = S{1 × 1}, the semi-symmetric distribution has
2 }, and for the anti-symmetric dis-
where S{· · · } is a sum over symmetric interchange of labels i, j, k, l of the four electrons. In all models, each electron angular distribution is generated isotropically. Since electrons produced in the NEMO-3 source foil must have a minimum energy of ≈ 250 keV to fall into the acceptance, the efficiency is smaller for models producing more low-energy electrons. We show the electron kinetic energy distributions for the four kinematic models in Fig. 1 .
We perform the search with the NEMO-3 detector on data collected between 2003 and 2011 using 36.6 g of enriched 150 Nd source, with a live time of 5.25 y. The detector is optimized to search for 0ν2β decays by reconstructing the full decay topology. It is cylindrical in shape, with the cylinder axis oriented vertically, a height of 3 m and a diameter of 5 m, and is divided into 20 sectors of equal size. Thin foils with a thickness of 40-60 mg/cm 2 contain 7 different isotopes. The Nd foil has a height of 2.34 m and a width of 6.5 cm. The foils are located between two concentric tracking chambers composed of 6180 drift cells operating in Geiger mode. Surrounding the tracking chambers on all sides are calorimeter walls composed of 1940 scintillator blocks coupled to low-activity photomultipliers that provide timing and en-ergy measurements. The calorimeter energy resolution is (14.1-17.7)% (FWHM) at an electron energy of 1 MeV. A vertically oriented magnetic field of ≈ 25 G allows discrimination between electrons and positrons. Detailed descriptions of the experiment and data sets are given in Refs. [14, 15] .
In Ref. [16] , we describe a measurement of the twoneutrino double-β (2ν2β) decay of 150 Nd, and provide details of the background model and measured activities that are used in this analysis. The backgrounds are categorized as internal (within the source foil, including contamination of 208 Tl and 214 Bi), external to the foil (electrons and photons produced in or outside of the detector components), radon diffusion that can deposit background isotopes on the surface of the detector components, and also internal contamination in the source foils neighboring the Nd foil, which can have a falsely reconstructed vertex in the Nd foil.
Internal [17] , for which we use a half-life of T 1/2 = 1.33 × 10 20 y [18] in the simulation.
The selection requires candidate decays that produce three or four tracks originating in the foil. If there are three tracks, all three must be matched to calorimeter hits, which is the signature of a reconstructed electron candidate, while the fourth β electron is assumed to be absorbed in the foil (3e topology). We further distinguish two topologies in the four-track final state, where either all four tracks are associated with calorimeter hits (4e topology) or one of the tracks has no calorimeter hit (3e1t topology).
An additional set of selections is applied to all topologies to ensure events are well reconstructed and to reject instrumental backgrounds. Decay vertices in regions of high activity in the foil corresponding to localized contaminations from 234m Pa and 207 Bi (hot spots) are rejected. The locations of these hot spots have been determined in Ref. [16] . Events where more than one electron track is associated with the same calorimeter hit are removed. The energy of each associated calorimeter hit must be > 150 keV. Events in the 4e topology with one associated calorimeter hit below 150 keV are treated as 3e1t candidates. The vertical component of the distance between the intersection points of the tracks with the foil must be < 8 cm. We apply no requirement in the horizontal direction, since the foil has a width of 6.5 cm. For each event, the track lengths, calorimeter hit times and energies, along with their uncertainties, are used to construct two χ 2 values assuming all tracks originate in the foil (internal hypothesis) or one track originates outside the foil and scatters in the foil producing secondary tracks (external). The probabilities of the internal hypothesis must be > 0.1% and of the external hypothesis < 4%. Finally, events with unassociated calorimeter hits with energies > 150 keV in time with the electron candidates are rejected, since this would indicate that photons were emitted in the decay. For the 3e1t topology only, we require that there are no delayed hits with times up to 700 µs near the decay vertex or the track end points, caused by an α decay of the 214 Po daughter of 214 Bi β decays [16] . These decays can occur on the surface of the tracker wires with the β electron scattering in the foil producing secondaries. The β electron in this type of decay would have no associated calorimeter hit.
To validate the background model, the selection is applied to the foils containing the isotopes 100 Mo and 82 Se, which are expected to contain no 0ν4β signal. The energy-sum distributions for the 3e topology, which have higher statistics, are shown in Fig. 2 . We observe no events in the 4e topology in the 82 Se foil, where 0.05±0.01 are expected. We observe two 4e-candidates in the 100 Mo foil, with an expectation of 2.3 ± 0.5 events, of which 2.0±0.4 are due to 2ν2β decays followed by double Møller scattering. A display of one of these two data events is shown in Fig. 3 . The total efficiencies for signal decays are shown in Tab. I and range from 1.81% to 4.61% depending on kinematic model. The expected background yields are given in Tab. II for the energy range 1.2 ≤ ΣE ≤ 2.0 MeV, where ΣE is the electron energy sum, obtained by summing over the calorimeter hits for all reconstructed electrons. All activities and systematic uncertainties, except for the 2ν2β 0 + 1 process, are taken from Ref. [16] . The distributions of the electron energy-sum for events originating from the Nd foil are shown in Fig. 4 . The energies of the signal distributions are lower than Q 4β = 2.084 MeV due to electron energy losses in the source foil. In addition, only three of the electrons have an associated calorimeter energy measurement for the 3e1t candidate events. The distributions show that there are no large differences between the shapes for the different kinematic models.
We observe no candidate events in the 4e and 3e1t topologies, with expected background rates of 0.04 ± 0.01 and 0.29 ± 0.05 events, respectively. There is also no significant excess of data in the 3e topology, with 22 observed events in the range 1.2 ≤ ΣE ≤ 2.0 MeV, compared to 16.8 ± 1.7 expected background events.
Source 4e 3e 3e1t Reconstruction efficiency (ǫ2e) ±5.5% ±5.5% ±5.5% Reconstruction efficiency (ǫ3e) ±8.5% ±8.5% ±8.5% Energy scale ±12.1% ±4.4% ±8.5% Angular distribution ±5.7% ±1.9% ±4.5% We consider several sources of systematic uncertainty. The systematic uncertainties on the background model given in Tab. II are the same as used in Ref. [16] , apart from the 25% uncertainty on the half-life of the 2ν2β 0 + 1 excited state decay [18] . The uncertainties of the signal efficiency are given in Tab. III. The uncertainty on the reconstruction efficiency is determined using the 100 Mo data. It is broken down into two independent components, one based on a two-electron efficiency (ǫ 2e ) uncertainty of 5.5% and the second on a three-electron (ǫ 3e ) uncertainty of 8.5%. The first value is obtained by comparing the independently measured activity of a 207 Bi calibration source with the in-situ measurements. This uncertainty can only be determined for decays with a maximum of two electrons in the final state. The threeelectron uncertainty (ǫ 3e ) of 8.5% is obtained by comparing the normalization of the 3e selection in the simulation and data for the 100 Mo foils. This additional uncertainty is taken to be correlated between signal and background, and assumed to be the same size in the 4e and 3e1t topologies. A variation of 2% on the energy scale for all electrons is applied in the simulation to cover uncertainties on the Q 4β value, the calorimetric energy reconstruction of 0.2% [15] , and uncertainties on the simulated energy loss in the foil. The uncertainty due to the assumption of an isotropic angular distribution of the electrons from the 0ν4β decay is derived from the variation of the reconstruction efficiency as a function of the generated angles between electron pairs.
For the 4e and 3e1t topologies, where no candidate events are observed, we set limits using a single bin for each topology, as for a counting experiment. For the 3e topology, we use the binned distribution of Fig. 4(b) . Limits at the 90% CL are calculated using the modifiedfrequentist CL s method [19] , which includes the systematic uncertainties with Gaussian priors.
The observed and expected half-life limits T 0ν4β 1/2 are shown in Tab. IV. We obtain the best sensitivity in the 3e topology, due to the much higher signal efficiency compared to the 4e topology. The combined lower limit at the 90% CL on the 0ν4β half-life is 3.2 × 10 21 y, with a sensitivity, given by the median expected limit, of 3.7×10 21 y, assuming a symmetric energy distribution. The combined limits lie in the range (1.1-3.2) × 10 21 y for the different models. This result represents the first search for neutrinoless quadruple-β decay in any isotope, and the first search for lepton-number violation by 4 units. To improve on this limit in the future using the NEMO-3 technique would not only require more exposure, but also an optimization of the foil density and thickness which causes the main loss of efficiency for low-energy electrons and increases background from Møller scattering. Even with reduced isotope mass, a thinner foil should increase sensitivity.
Since our search strategy is largely model-independent, this first limit on 0ν4β decay can provide valuable constraints on new-physics models. The authors of Ref. [4] estimate for their particular model the ratio R of the 0ν4β half-life to the 2ν2β half-life to be R ≈ 10 46 (Λ NP /TeV) 4 . For T 0ν4β 1/2 > 1.1 × 10 21 years, this translates to a limit of R > 120. For 0ν4β processes to be observable at the current experimental sensitivities, significant enhancement factors are therefore required. This result thus motivates further theoretical and experimental studies of ∆L = 4 processes in nuclear decays and at colliders.
